Air pollution standards and control strategies are based on ambient measurements. For many outdoor air pollutants, individuals are closer to their sources (especially traffic) and there are important indoor sources influencing the relationship between ambient and personal exposures. This paper examines the relationship between volatile organic compounds (VOCs) measured at central site monitoring stations and personal exposures in the Mexico City Metropolitan Area. Over a 1-year period, personal exposures to 34 VOCs were measured for 90 volunteers from 30 families living close to one of five central monitoring stations. Simultaneous 24-h indoor, outdoor and central site measurements were also taken. Dual packed thermal desorption tubes and C 18 DNPH-coated cartridges were used for sampling VOCs and these were analyzed by GC/MS and HPLC, respectively. A factor analysis of the personal exposure data aided in grouping compounds by the most likely source type: vehicular (BTEX, styrene and 1,3-butadiene), secondary formed or photochemical (most aldehydes), building materials and consumer products (formaldehyde and benzaldehyde), cleaning solvents (tetrachloroethene and 1,1,1-trichloroethane), volatilization from water (chloroform and trichloroethene) and deodorizers (1,4-dichlorobenzene). Mean ambient, indoor and personal concentrations were 7/7/14 mg/m 3 for benzene, 1/3/3 for 1,3-butadiene, 6/20/20 for formaldehyde and 3/9/50 for 1,4-dichlorobenzene. Geometric mean (GM) ambient concentrations of trichloroethene and carbon tetrachloride were similar to GM personal exposures. While outdoor and indoor home GM concentrations for most vehicular related compounds (benzene, MTBE, xylenes and styrene) were comparable, the GM personal exposures were twice as high. Indoor concentrations of 1,3-butadiene, 1,1,1-trichloroethane, tetrachloroethane, chloroform, formaldehyde, valeraldehyde, propionaldehyde and n-butyraldehyde were comparable to personal exposures. For certain compounds, such as chloroform, aldehydes, toluene, 1,3-butadiene and 1,4-dichlorobenzene, GM personal exposures were more than two times greater than GM ambient measurements.
Introduction
Human exposures to volatile organic compounds (VOCs) are determined by indoor and outdoor concentrations, as well as by personal activities. Field studies have shown that in general, people spend short periods of time outdoors, making indoors and in-transit exposures especially important to characterize. Many studies have reported higher VOC levels indoors than outdoors due to emissions from building materials, furnishing, equipment, appliances, cleaning products, smoking, cooking, maintenance and remodeling activities, among other reasons (Brown, 1992; Wolkoff, 1995; Jones, 1999) . More recently, indoor ozone chemistry has been shown to produce particles, aldehydes and other secondary byproducts (Weschler et al., 1992; Reiss et al., 1995a, b; Weschler, 2000) . Proximity of individuals to vehicular traffic while in transit has shown elevated exposures to several VOCs (Chan et al., 1991 (Chan et al., , 1994 Dor et al., 1995) .
Valuable information about personal and microenvironmental VOC concentration levels has been generated by several studies worldwide such as the probability-based Total Exposure Assessment Methodology (TEAM) studies carried out in several USA cities during the 1980s (Wallace et al., 1986; US EPA, 1987) , the German Environmental Surveys GerES (Hoffmann et al., 2000; Umweltbundesamt, 2003) , the National Human Exposure Assessment Survey (NHEXAS) study (Pellizzari et al., 1995a (Pellizzari et al., , 1999 Clayton et al., 1999; Gordon et al., 1999) and the European study (EXPOLIS) of air pollution exposures in the adult population of several European cities (Jantunen et al., 1998; Edwards et al., 2001) . However, the appropriateness of extrapolating these findings to Mexico City has not been evaluated. Modifying factors such as socioeconomic conditions, demography, weather, building characteristics, pollution levels and transit modalities, among other factors, make a case for the need of personal exposure studies in Mexico. The climate in Mexico City favors naturally ventilated homes over heating or air-conditioning systems. Building materials and construction finishes are different from those used in more northern countries. Use of synthetic construction materials is not as common, and renovations of dwellings (period of time when VOC outgassing from building finishes is higher) are less frequent. An additional limitation in borrowing information from some of these other studies is their inclusion of individuals with occupational exposures and smokers in their measurements. While such studies highlight the importance of these specific kinds of exposures, they limit the possibility of a better understanding of the effect of outdoor sources on personal exposures. Given that Mexico City Metropolitan Area (MCMA) is a megacity approaching 20 million people with some of the worst ambient air pollution conditions in the world, there is a compelling reason to undertake a personal monitoring study of hazardous air toxic pollutants there.
Previous ambient air, microenvironmental and personal exposure measurements of VOCs in Mexico City have limited interpretative value for the city as a whole and for annual mean estimates since they have included either only a few individuals monitored during short-term campaigns (Ortiz-Romero, 2000) or only working shift measurements of men working downtown, in service stations and offices (Romieu et al., 1999) . In addition, few VOCs associated with adverse health effects were included in earlier studies. This study is the first comprehensive evaluation of outdoor concentrations and personal exposures to VOCs, including 1,3-butadiene and aldehydes, in the MCMA. It was designed to enrich the interpretation and application of VOC outdoor central site measurements for assessing population risk, by exploring the relationship between personal, indoor and outdoor (home and central sites) concentrations. This paper is part of a larger study intended to provide decision-makers with inhalation exposures and cancer risk assessment information of air toxic pollutants in the MCMA.
Methods

Study Design
The study was designed to examine the relationship between personal exposures and the corresponding indoor and outdoor concentrations, as well as to explore the impact of individual behavior on VOC exposures.
Over a 1-year period, between March 1998 and February 1999, personal exposures to a suite of 34 VOCs were measured for 90 individuals selected from 30 families living within a 5-km radius of five central monitoring sites (Figure 1 ). The studied area covers approximately two-thirds of the MCMA. Three individuals from each family were selected to represent different activity patterns: a long commuter, another engaged in some activities outside the home during the day but with no routine long commutes, and one staying at or near the home most of the day. Personal exposures from the three volunteers from each family were measured simultaneously for 24-h periods using active samplers. In addition, monitors were placed simultaneously indoors (inside the home (INH)) and outdoors (outside the home (OUTH)), and at the central site (OUTCS) located closest to their home. Participants were asked to record their daily activities in a time/location diary and field technicians administered a recall questionnaire at the end of the 24-h sampling period to each participant, as well as another to the household. Data generated from the time/location diary and questionnaires, as well as the intrafamily analysis, will be presented in subsequent papers. Data collected in a similar manner during the pilot study, which included five families during October 1997, were also included in the analysis. The inclusion of data from the pilot study balanced the number of families measured per season (12 families in four dry-warm months, 15 families in five rainy months and nine families in three dry-cold months).
A brief description of the central monitoring sites is presented here for reference. Merced is located near the city center, 1.5 km from the Main Square or Zo´calo, in front of a six-lane street. The land use is mixed residential and commercial with some industrial sources. ENEP Acatlán is located to the northwest in a low-density residential area with nearby green areas. The site is about 1.5 km north of an industrial area. Vehicular traffic is light around the site, but a main road and a heavily traveled freeway are less than 700 m away. San Agustín is located to the northeast in a recently created dense, low-income residential area. A large industrial area is located less than 2 km downwind. The northeast of the MCMA has the highest coarse and fine particle mass concentrations. Within 150 m there is a lightly traveled freeway. Plateros is located to the southwest in a residential neighborhood. The site is about 1 km away from a heavily traveled freeway. Secondary formed pollutants characterize the southwest of the MCMA; ozone concentrations are the highest here. UAM-Iztapalapa is located to the southeast in an area with mixed land use (residential-industrial). Surrounding streets are typical of middle-class residential neighborhoods. A primary commuting corridor is about 1 km away.
Study Participant Selection and Recruitment
Families were recruited from referrals of health centers and universities where the monitoring stations were located, from participating families and through personal contacts. Families and family members who volunteered, lived within 5 km of one of the five selected monitoring stations, were nonsmokers or light smokers (less than 12 cigarettes per day), and did not have occupational exposures to chemicals. Recruitment included families with participants from each of the three activity patterns. Similar demographic characteristics to the city in terms of gender, economic level, age and occupational categories were sought (see Table 1 ).
Pollutants Selection
A set of VOCs were targeted for this study based on their carcinogenicity, expected concentrations (from pilot studies results) and results from studies of urban air toxics worldwide. Two-thirds of the VOCs are on the US EPA priority list of 33 hazardous air pollutants. Additional compounds were considered as markers for sources or because they are involved in tropospheric photochemistry. Table 2 lists the targeted compounds. The final set of compounds was determined on the basis of the ability to measure the compounds with the selected analytical methods and sampling protocol.
Measurement Methods
VOCs (not including aldehydes) Perkin-Elmer thermal desorption tubes (stainless-steel tubes with an internal diameter of 5 mm and a length of 89 mm (Woolfenden, 1997) ) packed from the sampling end of the tube with a medium-strength adsorbent (graphitized carbon black type) Carbopackt B (270 mg) followed by a strong adsorbent (molecular sieve type) Carboxent 1000 (130 mg) were used to sample VOCs not including aldehydes. This tube configuration is similar to Type 2 tubes described in the TO-17 (US EPA, 1997), but tubes were packed with 68% more Carbopackt B and 85% more Carboxent 1000 to ensure no breakthrough. This configuration is suitable for n-C 3 to n-C 12 compounds. Since ozone levels in the city are high, carbon-based adsorbents as opposed to Tenax were selected because they appeared to be more resistant to ozone oxidation (Cao and Hewitt, 1994; Helmig, 1996) .
Tubes were dry purged under an ultra-high-purity nitrogen flow before analysis, with the injection of vapor-phase internal standards (10 mg of pentafluorobenzene, 1,4-difluorobenzene and chlorobenzene-d5) in the middle of the dry purge process. Samples were analyzed by thermal desorption (Perkin-Elmer Thermal Desorber ATD 400) followed by gas chromatography (HP5890 Series II)/mass spectrometry (HP 5971) (GC/MS), as described by TO-17 (US EPA, 1997) . Standards were prepared on a gaseous form and introduced into tubes through nitrogen flow.
Aldehydes. Carbonyls were collected in C 18 Sep-Pak shortbody cartridges ''Classic'' (Waters Inc. acidified 2,4-dinitrophenylhydrazine (DNPH) with a similar procedure as described by Grosjean and Grosjean (1995) . Coating and extraction of the Sep-Pack cartridges was done in a glove box supplied with aldehyde-free air. Samples were eluted with 2 ml of acetonitrile and analyzed by highperformance liquid chromatography (HPLC, Hewlett Packard 1100) with UV detection (360 nm). A Waters Nova-Pack C 18 analytical column (3.9 Â 150 mm) and guard column were used. The mobile phases consisted of solvent mix A (water/acetonitrile/tetrahydrofuran 60/30/10 by volume) and solvent mix B (water/acetonitrile 40/60 by volume). External standards were obtained from Radian International as a mix of 15 aldehyde/ketone-DNPH standards.
The effect of ozone on DNPH-coated cartridges for aldehydes determination has been contentious (Arnts and Tejada, 1989; Reiss and Roberts 1997; Kleindienst et al., 1998) . Owing to the high ozone levels in Mexico City, it was considered pertinent to place an ozone scrubber upstream of the cartridges to eliminate possible interferences. For the first half of the study, a glass tube coated with a nitrite-based solution was used as an ozone monitor and ozone scrubber (Geyh et al., 1997) , but due to budget limitations for the second half of the study a copper tube (8 cm long) coated with a saturated solution of potassium iodide was used. A random effect mixed model (considering ozone type as a fixed effect) was used to explore the scrubber effect in concentration for 20 simultaneous measurements with the two types of ozone scrubbers. No statistically significant difference was found between them.
Sample preparation and laboratory analysis of both types of samples were carried out in the Harvard School of Public Health (Boston, MA, USA) laboratories. All replicate data were below detection.
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Sampling System
Personal and indoor samples were collected using small battery-operated personal pumps (PAS-500, Spectrex Corp., Redwood City, CA, USA). Outdoor samples were collected using an SKC Pocket Pump (Eighty Four, PA, USA) connected to an AC outlet, but with an internal rechargeable battery as backup in case of power failure. The flow was split between thermal desorption tubes and DNPH-coated cartridges. A total volume of 4.2 l was collected in the thermal desorption tubes (at a flow rate of B3 ml/min) and 200 l in the DNPH cartridges (at a flow rate of about 140 ml/min). Participants were instructed to wear the monitors on the chest area, close to the breathing zone, with a monitor holder and elastic straps to the shoulders, and the pump was carried inside a small pouch, typically attached to the individual's belt. They were also instructed to place the monitors at bedside when sleeping and inside the bathroom while taking a bath or shower. Field staff placed the indoor samplers in the room most used by the participant staying at home. Outdoor samplers were placed either in the back or front yard or patio, roof or terrace away from vents, walls, building structures and trees. On and off flows were checked and recorded in the field using bubble meters.
Data Quality
Quality assurance was assessed as a whole for personal, indoor and ambient measurements. More than 15% of additional samples were used as laboratory blanks and 15% were used as field blanks. To estimate measurement precision, more than 25% of samples (55 duplicate samples) were taken in duplicate for VOCs not including aldehydes and approximately 3% (six duplicate samples) for aldehydes.
The method detection limit (MDL) was estimated by the highest of either the instrument detection limit, calculated as the standard deviation of multiple injections of the lowest calibration standard multiplied by the Student's t-value at the 99% confidence level, or the detection limit due to field blanks, calculated as the standard deviations of the field blanks multiplied by the Student's t-value at the 99% confidence level.
To verify that no breakthroughs occurred during the fieldwork, approximately 10% of the samples had a backup tube connected in series. The mass found on the backup tubes and DNPH-coated cartridges was within the range of field blanks.
Thermal desorption tube recovery rates were between 80% and 120% for most of the compounds except for 1,4-dichlorobenzene and dibromochloromethane, which were 71% and 72%, respectively.
Extraction efficiency of aldehyde-DNPH derivatives was investigated by carrying out two consecutive extractions of sampled cartridges. Recovery rates of the first extraction exceeded 98% except on one occasion, where it was 95% for formaldehyde and acetaldehyde.
Reproducibility of duplicates was assessed by examining intraclass correlation (ICC) and mean relative difference (MRD). ICC, a measure of reproducibility of replicate measures from the same subject (Rosner, 1995) , was considered as a statistically appropriate measure to present the precision of replicate measurements as opposed to relative error or absolute difference, which imply different precision depending on the measured concentration range (Lee et al., 1995) . The Fleiss (1999) interpretation of the coefficient was used: equal to or greater than 0.75 indicates excellent reproducibility, between 0.40 or 0.75 indicates fair to good reproducibility, and below 0.40 indicates poor reproducibility. MRD, the absolute value of the difference divided by the average (US EPA, 1997), which implies different precision depending on the measured concentration range, is also presented. A good-to-excellent reproducibility was obtained for most of the compounds. Since reproducibility on measurements can only be assessed within the range of concentrations measured, compounds with most measured concentrations below the detection limit had a poor reproducibility. Table 2 presents the reproducibility results. Most of the compounds had good-to-excellent reproducibility, except for compounds with less than 10% detected, which had a poor reproducibility or it was not possible to assess reproducibility since all replicate data were not detected. The low reproducibility of 1,1-dichloroethene occurred because on five occasions one duplicate registered a measurable concentration and the other duplicate did not detect the compound.
Data Analysis
Units of VOC concentrations are given in mg/m 3 at local atmospheric pressure and temperature. Owing to Mexico City's high elevation (2240 m), pressure corrections to standard conditions result in an almost 30% difference. Data were field blank corrected using the median field blank mass. A few negative values were obtained after data were field blank corrected for acrylonitrile, trichloroethene, formaldehyde, crotonaldehyde and valeraldehyde. Negative values were taken as such when computing descriptive statistics. However, to include them in the statistical analysis, when considering log-transformed data, a 1 was added before carrying out any log-transformation and subtracted after transforming back to the normal scale.
Measurements that failed data quality objectives were excluded from the analysis. Data generated by two of the participants were excluded from the analysis because the individuals had occupational exposures during the day of sampling. SAS s Institute, Inc. statistical software (Cary, NC, USA, version 8) and STATA statistical software (College Station, TX, USA, version 7) were used for statistical analysis. Data were characterized using descriptive statistics, graphical displays and mixed models, and grouped for discussion according to the factor analysis results performed on the personal exposure data.
Exploratory Factor Analysis
To investigate the sources types or factor structure underlying the observed VOCs personal exposures, an exploratory factor analysis was performed (Wichern and Johnson, 2002) . This analysis was performed mainly for the purpose of grouping the compounds by source groups. Compounds with more than 90% of detects were subjected to an exploratory factor analysis using squared multiple correlations as prior communality estimates. The principal factor method was used to extract the factors, and an oblique rotation (proc factor with a promax rotation) was considered appropriate to account for correlation among the extracted factors or sources. A combination of Cattell's Scree Test (sharp break in the curve), percent of total variance explained by the additional factor, and interpretability was used to extract the factors (Hatcher, 1994; Norman and Streiner, 1994) . The sample size of 61 personal exposure measurements with complete data for target compounds was considered in this analysis and only those compounds with statistically significant loadings were retained (Norman and Streiner, 1994) . Data were analyzed on the log scale since most of the compounds appeared to approximate more closely a lognormal distribution.
To better understand the structure of the data and to explore the possible sources of the other compounds, we repeated the factor analysis relaxing the previously mentioned criteria. For example, ozone concentration from the central monitoring site closer to the home and compounds with less than 90% and more than 15% detects were also included in the analysis.
Ambient Indoor-Outdoor Relationship
Descriptive statistics were generated for outdoor central site, outdoor home, indoor home and personal concentrations. The ratios of concentrations between locations (personal/ outdoor central sites , personal/outdoor home , personal/ indoor home , indoor home /outdoor home and indoor home /outdoor central sites ) were calculated as averages by family.
An extension of the mixed model proposed by Hamlett et al. (2003) was used to predict geometric means (GMs) and to compare concentrations between sampling locations. The extension of this model was needed to accommodate the fact that observations were taken at different locations. VOC concentration, log transformed, was defined as the dependent variable. Location was defined as a fixed variable. Both a random effect and a repeated effect were considered. A random effect for location was included, taking into account family as the subject effect to impose correlation between measurements taken on the same family. A repeated statement considering location as a group effect was included to allow different variances for different locations. To compare concentrations between locations, contrast statements were also used.
Results and discussion
Demographics
While budget limited the possibility of this study to be population based or with a larger sample size, some demographic characteristics such as median age, gender, smoking habits, exposure to environmental tobacco smoke (ETS) and number of occupants per home, obtained from questionnaires administered to participants, were similar to the population characteristics of Mexico City (Table 1) . However, we sampled only individuals living in houses and apartments. Approximately 15% of the population in Mexico City live in other kinds of homes (inner-city slums, collective homes or others) (INEGI, 2000) .
Detection
Of the total number of samples, from the main study and the pilot study (personal (n ¼ 105), indoor home (n ¼ 35), outdoor central monitoring site (n ¼ 35) and outdoor home (n ¼ 35)), 84% of the VOCs not including aldehydes and 79% of the aldehydes were completed successfully. Table 2 presents the percentage of samples above MDL for each of the outdoor, indoor and personal measurements. About onethird of the target chemicals were ubiquitous, that is, they were above the detection limit in more than 90% of the samples across sampling locations. Compounds associated with vehicular sources, solvent cleaners and lower chain aldehydes were detected in most of the samples and in every studied microenvironment. Some chlorinated compounds (chloroform, trichloroethene and carbon tetrachloride) were detected in several of the samples, but other chlorinated (e.g., 1,2-dichloroethane, chlorobenzene) and brominated compounds (bromodichloromethane, bromoform and dibromochloromethane) were seldom detected. These results suggested that population exposure to these chemicals was not extensive. The higher chain aldehydes (e.g., benzaldehyde, propionaldehyde, hexanaldehyde) were more often detected in indoor and personal samples.
Detection limits for compounds with less than 50% detects in outdoor, indoor or personal measurements were below 0.28 mg/m 3 , except for trichloroethene, carbon tetrachloride and valeraldehyde whose detection limits were 0.52, 0.45 and 1.38 mg/m 3 , respectively. Acrolein was a targeted compound, but was never detected in this study. This unsaturated carbonyl is not stable and tends to form dimers, making the DNPH-HPLC method unsuitable for the determination of acrolein (Risner, 1995) . Crotonaldehyde, also an unsaturated carbonyl, was detected; however, results from other researchers have suggested that the DNPH method tends to give lower concentrations due to the instability of the DNPH derivative (Zhang, 2001) . We have reported crotonaldehyde concentrations, although they may underestimate actual concentrations. Table 3 summarizes the results of the exploratory factor analysis of the personal exposure data considering compounds with at least 90% of detects and good precision. It presents the factor pattern matrix (rotated), which represents the contribution, each source or factor makes to the measured variance of the compounds, and the communality estimates (h 2 ), which represent the percentages of variance for each compound explained by the common factors or sources. Compounds with statistically significant loadings (marked with asterisks) for each factor were grouped together and represent a source. The results of this analysis were used to identify the number and nature of the underlying factors responsible for the observed data patterns.
Factor Analysis
While the application of Cattell's Scree Test suggested retaining the first three factors in Table 3 , three additional factors were extracted (considering a second scree of the data) with the objective of identifying additional sources and assigning source type to the rest of the compounds. The six factors explained up to 98% of the common variance.
The first factor was loaded with compounds associated with vehicular emissions (tail pipe exhaust and evaporative emissions): 1,3-butadiene, benzene, MTBE, toluene, ethylbenzene and xylenes and was labeled ''mobile''. The factor explained 50% of the variance in the data. Results were consistent with a source apportionment analysis of the NJ and CA TEAM studies (Anderson et al., 2001) , which with different statistical techniques found that aromatics are the major source of personal exposure to VOCs (resembling automobile exhaust, gasoline vapor or ETS). After tobacco smoke (partially restricted in this study), a population-based study in West Germany (Hoffmann et al., 2000) found that automobile-related activities such as driving a car or refueling were also associated with significantly increased levels of benzene. While benzene, toluene, styrene and xylenes have been associated with tobacco smoke exposure (Wallace et al., 1987a; Edwards et al., 2001) , the high loading on MTBE in this study suggested that this factor was associated with Outdoor, indoor and personal VOCs in Mexico City Metropolitan Area Serrano-Trespalacios et al. vehicular emissions. The common factors explained well the variance of most compounds, partially explained toluene and styrene variance, but poorly explained 1,3-butadiene variance.
The second factor explained 23% of the remaining common variance and loaded on acetaldehyde, propionaldehyde, n-butyraldehyde, isovaleraldehyde and hexanaldehyde. When ozone concentration from the central monitoring station closer to home and compounds between 15% and 90% detects were also included in the analysis, the factor also had high loadings on ozone and 2,5-dimethylbenzaldehyde, suggesting that these compounds were associated with secondary formation. This factor was thus labeled ''secondary''. Reiss et al. (1995b) found that aldehydes form from the reaction of ozone with latex paint. Similarly, Weschler et al. (1992) found that in a laboratory study ozone reacted with carpet to form aldehydes. Aldehydes emission rates in indoor environments measured in Boston (MA, USA), where ambient ozone concentrations are lower than in Mexico City, were found to be correlated with temperature, relative humidity and ozone removal rate (Reiss et al., 1995a) . During an indoor-outdoor aldehyde study, Zhang et al. (1994) also found that acetaldehyde and isovaleraldehyde were significantly correlated with ozone.
The third factor explained 10% of the remaining common variance and loaded on formaldehyde and benzaldehyde, which are indicative of emissions from building materials and consumer products. When compounds with less than 90% detects were included in the factor analysis, valeraldehyde also loaded on this factor. While these compounds have also been associated with ozone loss in indoor settings (Reiss et al., 1995a) , they are also emitted from consumer products and building materials such as fingernail hardener, nail polish, floor finish, permanent press fabrics, broadloom carpet/ adhesive assemblies, plywood, particleboard and wood products (Brown, 1992; Kelly et al., 1999; Hodgson et al., 2000 Hodgson et al., , 2001 Hodgson et al., , 2002 . Direct emissions within the indoor environment were also the dominant source for formaldehyde in another indoor-outdoor study (Zhang et al., 1994) .
The fourth factor had high loads on tetrachloroethene and 1,1,1-trichloroethene and was labeled as dry cleaning, but could also represent exposures to solvent cleaners in general. The factors explained partially the variance (h 2 ) for these two compounds. The difference between median and average concentration ratios between outdoor home, indoor home and personal (Table 4 and Figure 2 ) for these solvents suggested that exposure was not dominated by indoor sources and outdoor sources may represent an important fraction of exposure to these compounds. The fifth factor had high loadings on chloroform, which is commonly associated with evaporation from chlorinated water uses such as showers, baths, toilets, dish and clothes washing, and cooking, or with usage of chlorine-based cleaners. Chlorine reacts with organic material to form chloroform. When additional compounds (with less than 90% detects) were included in the analysis, this factor also loaded on trichloroethene, which is known to come from water vaporization (Landrigan et al., 1987) . The US EPA TEAM studies factor analysis also associated trichloroethene with contaminated water. The sixth factor had high loads on 1,4-dichlorobenzene associated with deodorizers. Similarly, the TEAM studies source apportionment analysis (Anderson et al., 2001 (Anderson et al., , 2002 ) also found that 1,4-dichlorobenzene came up as a separate factor representing mothballs and deodorizers.
The factor analysis conducted with the personal exposure data had similar patterns to the factor analysis performed with the ambient data from the same study (SerranoTrespalacios, 2003) . Vehicular source-related compounds were associated with the factor explaining most of the common variance, followed by aldehydes associated with ozone. In addition, tetrachloroethene and 1,1,1-trichloroethene were associated in both analyses with cleaning solvents. 
Ambient Indoor-Personal Exposure Relationship
The relationship between the three different type of measurements was analyzed by examining summary statistics (Table 4 for compounds with more than 50% detects in each of the microenvironments and Table 5 for compounds with less than 50% detects), and ratios between personal exposures (as average by family), indoor home and outdoor home concentrations (Figure 2 ). In addition, we compared concentrations between locations considering the GM for each compound and the statistically significant difference between locations (Table 6 ). The similar GMs estimated directly from sampling data and as predicted using mixed models demonstrated that the mixed model fitted the data well. Compounds were arranged by the expected dominant source, as suggested by the personal exposure factor analysis.
GM Comparisons Between Locations
(See Tables 4 and 6 .) The GMs comparison, a measurement of central tendency, has been selected to compare concentration between location, however, these comparisons do not represent comparisons of all the portions of the distribution. There could be important differences especially at the upper end of the distribution, commonly representing the effect of local sources.
Outdoor Central Sites vs. Outdoor Home While, in general, GM ambient levels outside the homes were slightly higher than at the central monitoring sites, for most compounds GM concentrations outside the homes were less than 1.5 times the central site GM concentrations, and only 1,4-dichlorobenzene and acetaldehyde were statistically significantly different at the 0.05 level (P-value). This suggested that measurements carried out at the central monitoring sites for most compounds could be on average, rough surrogates for concentrations outside homes located within 5 km of the central monitoring site.
Outdoor vs. Indoor Benzene, MTBE, trichlorethene and acrylonitrile were the only compounds without a statistically significant GM difference between outdoor central sites and indoor home concentrations. In addition, ethylbenzene, xylenes, styrene, tetrachloroethene, trichloroethene and carbon tetrachloride did not show a statistical difference between outdoor and indoor home GM concentrations (P-value o0.05). For 1,1,1-trichloroethene, toluene and 1,4-dichlorobenzene, indoor home GM concentrations were about 1.5 times higher than outdoor home concentrations. For 1,3-butadiene, chloroform and aldehydes, GM concentrations were two to six times higher indoors than outside homes. Med.: median or 50%th percentile; Avg.: arithmetic average; SD: standard deviation; GM: geometric mean; GSD: geometric standard deviation; 90%: 90%th percentile; Max: maximum.
The small differences found in this study, as opposed to what has been measured in other cities (Wallace et al., 1985; Hartwell et al., 1987) , may be due to differences in ambient levels and home configuration. In Mexico, many homes have isolated rooms joined by a central patio or kitchen and/or a living room separated by a patio from the bedrooms. In Indoor Home vs. Personal No statistically significant differences (P-value 40.05) were found between GM indoor concentrations and GM personal exposures for 1,3-butadiene, tetrachloroethene, 1,1,1-trichloroethane, chloroform, formaldehyde, carbon tetrachloride, valeraldehyde, propionaldehyde, n-butyraldehyde and crotonaldehyde, which suggested that personal exposures had a dominant indoor component.
Outdoor vs. Personal GM personal exposures were higher than outdoor central site concentrations. The differences were statistically significant (P-value o0.05) except for trichloroethene, carbon tetrachloride and acrylonitrile. Maximum personal exposure concentrations of 1,4-dichlorobenzene, ethylbenzene, xylenes, styrene, tetrachloroethene and 1,1,1-trichloroethane showed there were individuals from the general population with higher potential exposure levels.
Comparisons between Locations Considering Sources
Vehicular Source-related Compounds Benzene and MTBE had similar behaviors. On the one hand, nonstatistically significant differences were observed between GM outdoor locations (outdoor central site and outdoor home) and indoor environments (Table 6 ), which suggested that outdoor concentrations on average were good surrogates for indoor concentrations, and indoor sources of these chemicals had on average a minimal contribution. On the other hand, GM personal exposures to these two compounds were about 1.7 times higher than GM indoor or outdoor concentrations. During EXPOLIS-Helsinki, Edwards et al. (2001) also found higher personal than indoor concentrations for traffic-related compounds. Ethylbenzene, xylenes and styrene behaved similarly to benzene and MTBE, but presented a small statistical difference between GM central site and GM indoor home concentrations.
Median and mean ratios between locations (Figure 2 ) for benzene, MTBE, ethylbenzene and xylenes followed the same pattern; median and mean INH/OUTH ratios were close to 1 and 1.5, respectively. Ratios were lower than what was found by the TEAM Studies in which exposures from indoor were two to three times higher than exposures from outdoor air sources (Wallace, 2001) . P/OUTH and P/INH ratios (Figure 2 ) suggested little contribution of indoor sources to personal exposures and most of the potential exposure was driven by outdoor sources. Personal exposures were about 1.5 and 3 times higher (median and mean) than those measured outside homes.
The constant average ratio of B2.5 between MTBE and benzene GMs for the three types of measurements (Tables 4 and 6) suggested that the difference in concentration between them was just a function of individuals, being on average closer to vehicular sources than ambient monitors. In addition, as opposed to what was found in the TEAM Studies (Wallace, 1990) and in GerES II (Hoffmann et al., 2000) , tobacco smoke for this sample, with 80% nonsmokers and 20% light smokers, was not the dominant source of exposure to benzene.
Similarly, while ethylbenzene and xylenes have been associated in other studies with occupational exposures and with emissions from paints, lacquers, newspapers, magazines and print, the almost constant ratios of MTBE to ethylbenzene (B3.0), MTBE to o-xylene (B2.6), o-xylene to ethylbenzene (B1.2) and m/p-xylene to ethylbenzene (B3.1) GMs for the three types of measurements (Table 6) suggested that the proportions of the compounds were maintained throughout the microenvironment and that dilution from sources is what defined the concentration difference. For this population, these results suggested that these compounds were more related to vehicular emissions (mobile).
As for styrene, toluene and 1,3-butadiene, ratios between locations (Figure 2 ) indicated that there were significant exposures to these compounds occurring indoors. Most of the styrene indoors is believed to be emitted by tobacco smoke. Other possible sources of styrene indoors are carpeting (Wallace et al., 1987b) , insulation and plastics (Wallace et al., 1985) , and consumer products. Most produced styrene is consumed in plastics, resins, coatings and paints (Spectrum Laboratories, 2002) . Toluene is believed to be emitted by solvents in paints, lacquers, printing ink, adhesives and other household products (Kumai et al., 1983; Sack et al., 1992) . For example, high indoor toluene concentrations were associated by Seifert and Abraham (1982) and Lebret et al. (1986) with freshly printed magazines and newspapers. Mlhave (1982) reported toluene as the most frequently emitted VOC from 42 building products. 1,3-Butadiene indoors is emitted by tobacco smoke, heating of cooking oils (Pellizzari et al., 1995b; Shields et al., 1995) and possibly from liquified petroleum gas (LPG) leakage. Graphical displays of 1,3-butadiene and number of cigarette smoke in the sampled homes, cooking time and smell of LPG suggested that for this sample LPG is a more important indoor source of 1,3-butadiene than tobacco smoke or cooking time (that did not show a clear pattern at the bivariate level). A future paper will examine compounds concentration and questionnaire data from the multivariate perspective.
Secondary Formed These compounds follow a different behavior than compounds associated with other sources. Median P/INH ratios ( Figure 2) were very close to 1, and INH/OUTH and P/OUTH ratios tended to be similar. These ratios suggested important indoor exposures. As for the mean ratios, P/INH were also close to 1 for propionaldehyde, n-butyraldehyde, acetaldehyde and hexanaldehyde, but between 10 and 35 for isovaleraldehyde and 2,5-dimethylbenzaldehyde.
No statistically significant (P-value 40.05) differences between GMs between the outdoor locations (Table 6) were found for propionaldehyde, n-butyraldehyde and hexanaldehyde. In addition, no differences (P-value 40.05) were found between indoor and personal exposures, suggesting little contribution from specific personal activities. As for acetaldehyde, indoor concentrations were greater than personal exposures. Indoor GM concentrations were between two and four times higher than outdoor concentrations, but hexanaldehyde GM concentrations were about 10 times higher indoors than outdoors. Hodgson et al. (2000) found that in new homes, formaldehyde and odorous aldehydes, especially hexanaldehyde, were among the most prevalent and predominant VOCs. The same tendency was seen in measurements done in Boston (Reiss et al., 1995a) .
Building
Materials and Consumer Products
Formaldehyde, valeraldehyde and benzaldehyde also presented P/INH ratios (median and mean) close to 1 and 1.5, respectively, but INH/OUTH ratios ( Figure 2 ) were much larger, suggesting again that there were important indoor sources of these compounds. There was no statistically significant GM difference between outdoor locations for valeraldehyde and benzaldehyde. However, the model suggests a possible difference at the 0.1 level for formaldehyde. Indoor GM concentrations of formaldehyde, benzaldehyde and valeraldehyde were three to four times higher than outdoor concentrations. Indoor and personal GM concentrations were similar for formaldehyde and valeraldehyde. However, GM personal exposures of benzaldehyde were 1.3 times indoor concentrations, suggesting that individuals were engaged in activities where they were exposed to higher concentrations of benzaldehyde than what was measured indoors.
Cleaning Solvents Median 1,1,1-trichloroethane INH/ OUTH, P/OUTH and P/INH ratios ( Figure 2) were slightly over 1, and tetrachloroethene median ratios were slightly higher. Mean ratios were higher, but followed a similar pattern. The ratios suggested that most of the 1,1,1-trichloroethane comes from outdoor sources. A few individuals had substantially higher personal exposures, which may have been due to indoor exposures. For tetrachloroethene, commonly used as a dry-cleaning solvent, ratios were higher, suggesting that individuals were closer to the source than what was measured inside the home.
Concentrations of tetrachloroethene and 1,1,1-trichloroethane associated with dry cleaning and metal degreasers tended to increase from outdoor central site to outdoor home, and then from indoor home to personal exposures. The dominant source of exposure to tetrachloroethene (about 75% of total) is believed to be from wearing or storing drycleaned clothes (Tichenor and Mason, 1988; Wallace, 2001) . However, in this study just one participant wore dry-cleaned clothes, suggesting additional sources of these chemicals.
Water Origin and Deodorizers The ratios (Figure 2) suggested that personal exposure was higher than measurements outdoors or indoors. Chloroform and 1,4-dichlorobenzene were the pollutants with the greatest concentration difference between outdoor and personal concentrations and between indoor and personal. Personal contact with these chemicals was not captured by either indoor or outdoor measurements. The dominant source of exposure for chloroform is chlorinated water, and about half of the chloroform in the water can be emitted into household air (Wallace, 2001) . Chloroform exposures are more personal related since sources most commonly occurred where the individual is located, for instance while in contact with water or when using chlorine base cleaners. For example, chloroform exposure during hot showers favoring evaporation was captured by the personal monitor, but not necessarily by the indoor monitor located in another room. Indoor trichloroethene was also believed to evaporate from water.
The two dominant sources of exposure to 1,4-dichlorobenzene in the USA are believed to be moth cakes and air deodorants (Wallace, 2001) . In Mexico, moth cakes are rarely used but room air deodorizers are common; 30% of the homes in this study had toilet bowl deodorants.
RatiosFOther There was little difference in concentrations between the three types of measurements for carbon tetrachloride. This is consistent with those compounds being more uniformly distributed outdoor pollutants (low SD for outdoor and indoor concentrations) without indoor sources.
Comparing personal exposure GM concentrations between the ones observed in this study and other large studies (Table 7) showed that GM benzene exposures in Mexico were similar to those measured during the TEAM studies in NJ and CA in the early 1980s and during the German Environmental Survey in West Germany, but about four times higher than what was recently measured in Helsinki, Finland (as part of EXPOLIS). Toluene GM concentration in Mexico was about 1.2 times that measured in the early 1990s in West Germany and about five times that recently measured in Helsinki, Finland. Tetrachloroethene personal concentrations were lower than those measured in NJ and LA, but 1,1,1-trichloroethene concentrations were much lower in the Mexico study. In comparison with another megacity study during almost the same period of time, exposures to benzene, xylenes, ethylbenzene and toluene in Mexico City were between three to five times those in New York City, and about 1.4 times for 1,3-butadiene and MTBE. Exposures to compounds mostly related with indoor source concentrations were higher in New York.
Conclusions
This study provides outdoor, indoor and personal data for VOCs including several aldehydes and 1,3-butadiene, which are seldom reported in Mexico. The design of the study had several strengths. Monitoring was spaced over the course of 1 year, across all seasons, was carried out in different areas of the city, and included individuals from the general population who had different activity patterns. The central monitoring sites belong to the city monitoring network, which could, in the future, include VOCs as routine measurements. Individuals with an evident occupational exposure or heavy smokers were excluded to capture other important exposures. Demographic characteristics of the sample were similar to those of the MCMA.
In general, ambient levels outside the homes were slightly higher than in the central sites; however, the differences between the GMs were relatively small for most compounds. Results suggested that for most compounds in the MCMA, central site measurements are on average (GM) rough surrogates for concentrations outside the homes located within 5 km of the central site. However, this statement may not be true for the other portion of the distribution.
The study demonstrated unit penetration of outdoor air toxics into well-ventilated Mexican houses and the role of aldehydes in secondary formation and/or direct emissions indoors. It also identified high personal exposures associated . Data were combined across study locations and across seasons. Participants with total exposure concentrations above 2000 mg/m 3 were excluded (just one participant). VOCs were measured actively in Tenax-GC (Anderson et al., 2002) . c German Environmental Survey carried out in the Western Part of Germany in 1990-1991. VOCs were collected using passive badge-type samplers for 1 week. Obtained from Hoffmann et al. (2000). d European study (EXPOLIS) of air pollution exposures in the adult population, Helsinki, Finland component. VOCs were actively collected in TENAX-TA for 48-h (Edwards et al., 2001 ). e Urban Air Toxic Exposure of High School Students Study (TEACH), New York, USA component. VOCs were actively collected in thermal desorption tubes (Carbopack B and Carboxen 1000) for 48 h (Ramstrom, 2004) .
with indoor emissions of VOCs from materials, cleaning products, water and deodorizers. For certain compounds such as chloroform, 1,4-dichlorobenzene, formaldehyde and acetaldehyde, personal exposures were several times higher than ambient measurements. As the proportion of MTBE and benzene, ethylbenzene and xylenes are maintained throughout the microenvironments, these data suggested that the concentration of mobile source-related compounds in the different measurements represented a dilution effect from the direct source.
An understanding of how well central site VOC measurements represent personal exposures is critical in the design of strategies to evaluate exposures in a city. In general, in this study central site monitoring GMs underestimated personal exposure GMs. For benzene, MTBE, xylenes and ethylbenzene, the ratio of personal to ambient concentration GMs is B2, B3 for 1,3-butadiene, B4 for formaldehyde, close to 5 for 1,4-dichlorobenzene and 7 for chloroform.
